1. Introduction {#sec0005}
===============

Adolescence is a sensitive period of development characterized in part by maturation of neuronal circuitry related to emotional processing and the sense of self ([@bib0105], [@bib0325]). It is during this stage that many psychiatric conditions first emerge, including major depressive disorder (MDD), an illness characterized by feelings of worthlessness and low self-esteem ([@bib0230], [@bib0360]). Adolescent MDD is a major public health concern, associated with severe consequences including suicide, the second leading cause of death in this age group ([@bib0285]). Relatedly, longstanding evidence suggests low self-esteem is linked to suicidal behavior ([@bib0205], [@bib0230], [@bib0235], [@bib0240], [@bib0265], [@bib0360]). Thus, research that targets brain mechanisms associated with self-referential processing in depressed adolescents is paramount to understanding the etiology and development of the disorder.

It has been suggested that regions within the 'default mode network' (DMN) are active in the resting brain when thoughts are often introspective and self-reflective but are typically deactivated during more goal-directed tasks ([@bib0015], [@bib0315]). However, this is still a topic of active investigation as the existence of a passive state of brain function and its interaction with task-positive networks is not fully understood. The DMN includes cortical midline structures, such as the medial prefrontal cortex (MPFC), anterior cingulate cortex (ACC), posterior cingulate cortex (PCC), and precuneus, as well as the inferior parietal cortex, lateral temporal cortex, and hippocampus ([@bib0015], [@bib0045]). While regions within this network have been associated with several cognitive domains such as the memory and attention systems, among others ([@bib0040], [@bib0045]), recent work has implicated the DMN in affective cognition due to its connections with brain regions involved in emotion and salience, such as the amygdala and insula ([@bib0135], [@bib0320], [@bib0355]). For example, the midline core (i.e. MPFC, ACC, PCC, precuneus) has been shown to be activated during self-referential processing in both healthy adults ([@bib0015], [@bib0080], [@bib0185], [@bib0190], [@bib0250]) and adolescents ([@bib0290], [@bib0295]). Alterations in these regions may consequently underlie self-referential processing deficits that manifest as low self-esteem and feelings of worthlessness in affective disorders ([@bib0135]).

Currently, studies investigating self-referential processing deficits in depression have focused on adults. Findings appear conflicting, with reports of both increased ([@bib0195], [@bib0200], [@bib0375]) and decreased ([@bib0120], [@bib0170]) activation of the MPFC during self-reflection ([@bib0245]). One theory postulates that hyperactivity of anterior cortical midline regions during negative self-reflection contributes to ruminations about the self in depression ([@bib0195], [@bib0200], [@bib0190], [@bib0375], [@bib0370]). For example, [@bib0375] found that negative thoughts in particular increased activity in the dorsal medial prefrontal cortex (dMPFC) and ventral ACC in depressed adults compared to healthy controls, whereas activity in these areas was similar in both groups for positive self-thoughts ([@bib0375]). [@bib0170] similarly found that the dMPFC was activated in healthy controls and depressed adults in response to positive thoughts like personal hopes and dreams. However, depressed adults showed less deactivation (higher signal) of this region when prompted to have non-self-referential thoughts, suggesting depressed individuals may have difficulty disengaging from negative self-focused ruminations. An alternate theory proposes that cortical midline regions are not necessarily hyperactivated during active self-reflection in depressed adults, but rather that resting-state activity in these regions is abnormally increased ([@bib0110]), which leads to reduced signal changes in these regions during self-reflection tasks and appears as hyperactivity ([@bib0120], [@bib0255]).

While studies of depressed adults have begun to tease apart the brain regions involved in self-reflection and negative rumination, few have investigated the connectivity of these regions to better understand self-referential processing network function. Task-dependent functional connectivity analyses may help clarify the relationships between regions within this network. Only two studies to date have specifically examined task-dependent connectivity between cortical midline structures during self-referential processing in MDD, and both were also in adults. [@bib0195] found increased connectivity between the posterior cingulate cortex and anterior regions of the DMN, including the dMPFC and ACC in depressed patients, while [@bib0375] found increased connectivity between the ACC, MPFC, and amygdala. One caveat of both studies was that patients were treated with psychotropic medications.

Based on the above observations, the current study extends this line of work and examines self-referential processing in psychotropic medication-free adolescents with depression, as well as task-dependent connectivity of cortical midline regions within the DMN during self-referential thought. We hypothesized that adolescents with MDD would exhibit more negative self-perceptions compared to healthy controls---scores that were based on participants' endorsement and rejection of positive and negative trait words in the scanner. Additionally, we predicted depressed adolescents would show increased activity and connectivity of cortical midlines regions (e.g., MPFC, ACC, PCC, precuneus), similarly to depressed adults ([@bib0195], [@bib0200], [@bib0190], [@bib0375], [@bib0370]). Furthermore, we expected neural activity and connectivity in these regions to negatively correlate with self-esteem scores.

2. Material and methods {#sec0010}
=======================

2.1. Participants {#sec0015}
-----------------

The sample consisted of 23 adolescents with MDD and 18 healthy controls (HC), all right-handed and group matched on age and sex. Six individuals were excluded from all fMRI analyses, 5 for excessive motion and 1 for image distortion. The final imaging sample consisted of 20 adolescents with MDD and 15 HC. Depressed adolescents were recruited from the New York University (NYU) Child Study Center, the Bellevue Hospital Center Department of Psychiatry, and through local advertisements. Healthy controls were recruited through local advertisements. An Institutional Review Board (IRB) approved the study, and written informed consent was obtained from participants age 18 and older; those under age 18 provided signed assent and a parent provided signed informed consent.

Participants ranged in age from 12 to 20 years old and did not present with any significant medical or neurological conditions. Participants were screened for pubertal stage using the Tanner Scale ([@bib0345]) and were all required to be at least a 4. Exclusion criteria included a low IQ (\<80), MRI contraindications, a positive urine toxicology test, or a positive pregnancy test in women. Depressed adolescents met the *Diagnostic and Statistical Manual of Mental Disorders*, 4th ed., Text Revision (DSM-IV-TR) criteria for diagnosis of MDD, with a current episode of at least 8 weeks in duration, and a minimum raw score of 36 on the Children\'s Depression Rating Scale-Revised \[CDRS-R; [@bib0310]\]. All participants were free of psychotropic medication for at least seven half-lives of the drug. Furthermore, adolescents with MDD could not have a current diagnosis of post-traumatic stress disorder or an eating disorder, or a current or past DSM-IV-TR diagnosis of bipolar disorder, schizophrenia, pervasive developmental disorder, panic disorder, obsessive-compulsive disorder, conduct disorder, Tourette\'s disorder, or a substance-related disorder in the past year. Healthy control adolescents did not meet the criteria for any current or past DSM-IV-TR diagnosis and were psychotropic medication-naïve.

2.2. Clinical assessments {#sec0020}
-------------------------

A board-certified child/adolescent psychiatrist or clinical psychologist performed psychiatric assessments using the Schedule for Affective Disorders and Schizophrenia for School-Age Children -- Present and Lifetime Version \[KSADS-PL; [@bib0180]\], a semi-structured interview conducted with both the participant and their parents. Depression severity was assessed using the self-rated Beck Depression Inventory-Second Edition \[BDI-II; [@bib0025]\] and the clinician-rated CDRS-R. Anxiety was assessed using the Multidimensional Anxiety Scale for Children, while suicidality was quantified using the Beck Scale for Suicidal Ideation \[BSSI; [@bib0030]\]. Lastly, IQ was estimated using the Kaufman Brief Intelligence Test ([@bib0175]).

2.3. Word task {#sec0025}
--------------

Similar to past research ([@bib0085], [@bib0380], [@bib0375], [@bib0370]), participants were presented with positive or negative trait adjectives (e.g., positive = calm, intelligent, likeable, kind; negative = obnoxious, messy, greedy, dumb) and had to answer one of three questions: (1) general-judgments ("Is this a good trait?"); (2) self-judgments ("Does this describe you?"); (3) letter-judgments ("Is there a letter E?"). Positive and negative trait valences were experimenter assigned. Each trial began with the presentation of a 500 ms fixation cross, followed by a trait adjective for 3500 ms, and a 500 ms intertrial interval (ITI). Participants made "yes" or "no" responses during the 3500 ms presentation of the trait using a button box. Two runs were completed, each beginning and ending with 24 s of fixation, and consisting of 6 blocks, 2 blocks of each type of judgment (i.e., general, self, letter). For each block, the participant first viewed instructions for 4 s, followed by the pseudo-random intermixed presentation of 5 positive adjectives, 5 negative adjectives, and 5 catch-trials. The catch-trials were presentations of a blank screen for the same length of time as the word trials (3500 ms) and were included to increase jitter. The trait adjectives were randomly selected without replacement. Overall, subjects saw 40 trait adjectives (20 positive and 20 negative) for each of the 3 types of judgments (i.e., general, self, letter).

2.4. Behavioral analyses {#sec0030}
------------------------

A measure of positive perception was calculated for both self- and general-judgments by averaging the percentage of "yes" responses to positive traits (out of 20 positive traits) and "no" responses to negative traits (out of 20 negative traits). Similarly, a measure of negative perception was calculated by averaging the percentage of "no" responses to positive traits and "yes" responses to negative traits. Self-judgment scores were used as a measure of self-esteem, while general-judgment scores indicated the accuracy of participants' identification of traits as negative or positive compared to the labeling of the words and thus assessed their more global perception of personality traits. Demographic, clinical, and behavioral data were evaluated for normality and outliers. When parametric assumptions were not reasonably met, non-parametric analogs were used. Self- and general-judgment trait ratings and response times were each submitted to 2 (group: MDD, HC) × 2 (category: self, general) × 2 (valence: positive, negative) mixed model ANCOVAs, controlling for age and gender. Valence of the traits in the ANCOVA model was experimenter assigned and not based on how participants endorsed the words. Group differences in accuracy and reaction time on the letter "E" control task were examined separately using 2 (group: MDD, HC) × 2 (valence: positive, negative) mixed model ANCOVAs, controlling for age and gender. Lastly, Pearson\'s correlations assessed relationships between self- and general-perception scores, response times, and clinical variables. Significance was two-tailed with *p* \< 0.05.

2.5. Neuroimaging acquisition and analysis {#sec0035}
------------------------------------------

Imaging data were acquired at the NYU Center for Brain Imaging on a Siemens Allegra 3T scanner, with a single-channel head coil. High-resolution T1-weighted anatomical images were acquired using a magnetization-prepared rapid gradient-echo sequence (TR = 2530 ms; TE = 3.25 ms; TI = 1100 ms; flip angle = 7°; 128 slices; FOV = 256 mm; voxel size = 1.3 mm × 1 mm × 1.3 mm). Functional T2\*-weighted gradient echo images were acquired over 2 runs with 40 contiguous axial interleaved slices with a 0 mm gap (TR = 2000 ms; TE = 25 ms; flip angle = 80°; FOV = 192; 64 × 64 matrix size; voxel size = 3 mm × 3 mm × 3 mm).

All neuroimaging analyses were performed using FSL (FMRIB Software Library) version 5.0.7 \[[www.fmrib.ox.ac.uk/fsl;](http://www.fmrib.ox.ac.uk/fsl;){#intr0005} [@bib0155], [@bib0340], [@bib0365]\]. Preprocessing was carried out using FEAT (FMRI Expert Analysis Tool) and included slice-timing correction, motion correction with MCFLIRT ([@bib0150]), brain extraction ([@bib0335]), and volume registration. Registration of structural, functional, and standard space templates was carried out using both linear (FLIRT) and nonlinear (FNIRT) transformation tools ([@bib0115], [@bib0150], [@bib0160]). Lastly, data were smoothed with a 6 mm FWHM Gaussian kernel. Motion plots were examined and if they showed more than 2 degrees of rotation or 3 mm of translation then participants were excluded from further analysis. In order to estimate task-related changes in blood-oxygen-level dependent (BOLD) signal, each judgment type (i.e. general positive and negative, self positive and negative, and letter positive and negative) was included as a regressor of interest in a general linear model (GLM). Responses were convolved with a double-gamma hemodynamic response function. Additionally, the instruction screens and extended motion parameters were included as regressors of no interest. First-level contrast estimates of each stimulus type for each subject were computed, treating each run as a fixed effect.

Group analyses treated each subject as a random effect using FSL\'s FLAME (FMRIB\'s local analysis of mixed effects). A whole-brain 2 (group: MDD, HC) × 2 (category: self, general) × 2 (valence: positive, negative) mixed model analysis of covariance (ANOCVA), controlling for age and gender, assessed group differences in neural activation related to self- and general-judgments. Contrasts of interest examined main effects of judgment category (self \> general), valence (negative traits \> positive traits), and group (MDD \> HC), as well as interactions between all three variables. T-contrasts of interest were also examined to compare groups on all four self- and general-judgment types (i.e., MDD self + \> HC self +; MDD self − \> HC self −; MDD general + \> HC general +; MDD general − \> HC general −). *Z*-statistic images were thresholded using clusters determined by *Z* \> 2.3 and an FDR corrected cluster significance threshold of *p* \< 0.05. Significant clusters were further explored by extracting beta values using FSL\'s Featquery to determine the direction of activation differences. Time series data was extracted from all subjects in the model, regardless of whether or not a subject had significant task-related activation in the ROI. Correlations assessed the relation between brain activity, self-perception, and illness severity scores.

A psychophysiological interaction (PPI) analysis examined task-dependent changes in functional connectivity between groups. The PPI analysis was carried out using 4 cortical DMN seeds---the anterior medial prefrontal cortex, dorsal medial prefrontal cortex, ventral medial prefrontal cortex, and posterior cingulate cortex/precuneus. The seed regions of interest (ROIs) were chosen based on the prominent pattern of medial prefrontal cortex and PCC/precuneus activity seen in our whole-brain ANCOVA analysis. Due to the large size of these clusters, smaller spheres of equal size (8 mm diameter) were created in standard space centered around DMN coordinates obtained from [@bib0015]. The use of ROIs that were based on our own data-driven findings, as well as coordinates from the literature allowed us to more precisely examine common regions within our own activation maps that have been implicated in self-referential processing ([Fig. 1](#fig0005){ref-type="fig"}). The spherical ROIs were transformed into individual subject space and the mean temporally filtered time series extracted for each ROI using terminal commands. Four PPI analyses, one for each seed, were carried out for the self versus general subtraction contrast in order to compare connectivity during self-referential processing with general trait processing. The interaction regressor was computed as the product of the mean extracted timeseries for the seed ROI and the contrast of interest (self vs. general). The PPI results reflect areas of activation that show different functional connectivity with each seed ROI for the self-judgment condition compared to the general judgment condition. A more conservative threshold was used to account for the total number of seed regions and therefore PPI analyses performed. *Z*-statistic images were thresholded using clusters determined by *Z* \> 2.3, and an FDR corrected cluster significance threshold of *p* \< 0.0125 (0.05/4 seeds) was used. Parameter estimates were extracted for significant PPI interactions using FSL\'s Featquery, and group differences in connectivity were reported. Dimensional relationships between connectivity and symptomatology were also explored through correlations between connectivity, self-perception, and illness severity scores.Fig. 1Region of interest (ROI) placement for psychophysiological interaction (PPI) analysis. This figure illustrates the placement of the four ROIs (dMPFC = dorsal medial prefrontal cortex; aMPFC = anterior medial prefrontal cortex; vMPFC = ventral medial prefrontal cortex; PCC = posterior cingulate cortex).

3. Results {#sec0040}
==========

3.1. Participants {#sec0045}
-----------------

Age \[*t*(39) = −0.748, *p* = 0.46, *d* = 0.24\], with 95% CI \[−1.87, 0.86\], gender \[*χ*^*2*^(1) = 0.004, *p* = 0.95\], and ethnicity (i.e. Caucasian, African American, Other) \[*χ*^2^(2) = 1.19, *p* = 0.55\] were not significantly different between depressed adolescents and healthy controls. Four depressed adolescents (17%) had comorbid diagnoses of ADHD, 10 (43%) had generalized anxiety disorder (GAD), and 5 (22%) had other anxiety disorders. Demographic and clinical characteristics are summarized in [Table 1](#tbl0005){ref-type="table"}.Table 1Demographic and clinical characteristics.MDD\
(*n* = 23)Healthy controls\
(*n* = 18)Age \[*M* ± *SD*\] (range)16.62 ± 2.51 (12--20)16.12 ± 1.54 (13--19)Gender \[*N* female/male\] (%)13/10 (57/43%)10/8 (56/44%)Ethnicity \[*N* Caucasian/African American/Hispanic/Asian/other\] (%)[a](#tblfn0005){ref-type="table-fn"}10/4/7/0/2\
(43/17/30/0/9%)6/6/1/3/2\
(33/33/6/17/11%)  **Illness history**Episode duration mos. \[*M* ± *SD*\] (range)19.22 ± 15.85 (4--72)0Number of depression episodes \[*N* 0/1/2\]0/19/418/0/0Number of suicide attempts \[*N* 0/1/2\]19/2/218/0/0Med-naïve/Med-free/Medicated \[*N*\] (%)19/3/1 (83/13/4%)18/0/0 (100/0/0%)CDRS-R[b](#tblfn0010){ref-type="table-fn"} \[*M* ± *SD*\] (range)49.22 ± 7.21 (38--64)19.56 ± 2.53 (17--27)BDI-II[c](#tblfn0015){ref-type="table-fn"} \[*M* ± *SD*\] (range)22.7 ± 12.44 (1--45)2.67 ± 2.91 (0--10)Anhedonia \[*M* ± *SD*\] (range)6.22 ± 2.61 (1--10)1.56 ± 0.71 (1--3)[^1][^2][^3][^4]

3.2. Self-perception {#sec0050}
--------------------

Positive self-perception scores were normally distributed in the depressed group, with a wide range between 35.82 and 92.5. Scores in healthy controls were approximately normally distributed, with a more restricted, but still varied range between 79.61 and 97.50. There was overlap in the distributions of depressed and healthy adolescents, demonstrating the heterogeneity of the depressed group, with some individuals demonstrating high self-esteem, while others were more severely impaired (illustrated in [Fig. 2](#fig0010){ref-type="fig"}). Positive self-perception in the depressed group was significantly correlated with clinician-rated depression severity \[CDRS-R; *r*(23) = −0.55, *p* = 0.007\], self-related depression severity \[BDI; *r*(23) = −0.58, *p* = 0.003\], social anxiety \[*r*(22) = −0.49, *p* = 0.02\], overall anxiety \[*r*(22) = −0.44, *p* = 0.04\], irritability \[*r*(23) = −0.70, *p* \< 0.0005\], and marginally with anhedonia \[*r*(23) = −0.41, *p* = 0.05\].Fig. 2Distribution of positive self-perception scores. This graph illustrates the distributions of self-perception scores in the healthy control (HC) and depressed (MDD) groups.

3.3. Group differences in trait judgments {#sec0055}
-----------------------------------------

The 2 (group: MDD, HC) × 2 (category: self, general) × 2 (valence: positive, negative) mixed model ANCOVA, controlling for age and gender, yielded a significant three-way interaction between group, category, and valence \[*F*(1,37) = 18.52, *p* \< 0.0005, *η*~*p*~^2^ = 0.33\]. Depressed adolescents had lower positive self-perceptions \[*M*~HC~ = 90.49 (2.88); *M*~MDD~ = 69.38 (2.55)\] and higher negative self-perceptions \[*M*~HC~ = 9.51 (2.88); *M*~MDD~ = 30.62 (2.55)\] than healthy controls \[*F*(1,37) = 29.93, *p* \< 0.0005, *η*~*p*~^2^ = 0.45\]. Additionally, depressed adolescents labeled fewer general traits as positive \[*M*~HC~ = 96.27 (1.12); *M*~MDD~ = 92.39 (0.99)\] and more general traits as negative \[*M*~HC~ = 3.73 (1.12); *M*~MDD~ = 7.61 (0.992)\] than healthy controls \[*F*(1,37) = 6.66, *p* = 0.01, *η*~*p*~^2^ = 0.15\]. There was also an interaction between group and valence \[*F*(1,37) = 34.20, *p* \< 0.0005, *η*~*p*~^2^ = .48\] such that depressed adolescents expressed fewer positive perceptions than HCs, and a main effect of valence \[*F*(1,37) = 11.54, *p* = 0.002, *η*~*p*~^2^ = 0.24\] in which more positive traits were endorsed overall. Taken together, these findings confirm that depressed adolescents rate themselves less favorably than HC. Additionally, these results show that depressed adolescents are less accurate at labeling traits as positive and categorize personality traits more negatively in general. Trait responses are presented in [Table 2](#tbl0010){ref-type="table"}.Table 2Behavioral trait ratings (%).SelfGeneralLetterPositiveNegativePositiveNegativePositiveNegativeHC90.57 (5.92)9.43 (5.92)95.89 (4.28)4.11 (4.28)98.33 (4.20)96.83 (4.45)MDD69.32 (15.37)30.68 (15.37)92.68 (6.12)7.31 (6.12)96.46 (6.14)95.82 (5.37)[^5]

Response times were similarly submitted to a 2 (group: MDD, HC) × 2 (category: self, general) × 2 (valence: positive, negative) mixed model ANCOVA, controlling for age and gender, in which depressed adolescents were slower overall than healthy controls \[*F*(1,37) = 11.29, *p* = 0.002, *η*~*p*~^2^ = 0.23\]. There was also a significant group by category interaction \[*F*(1,37) = 7.00, *p* = 0.01, *η*~*p*~^2^ = 0.16\]. Depressed adolescents were slower at making both self-judgments (*p* = 0.001) and general-judgments (*p* = 0.009) than healthy controls ([Table 3](#tbl0015){ref-type="table"}). Additionally, self-judgments were slower than general trait judgments in both the depressed group (*p* \< 0.0005) and in healthy controls (*p* = 0.02).Table 3Behavioral response times (ms).SelfGeneralLetterPositiveNegativePositiveNegativePositiveNegativeHC990.72 (226.29)1085.85 (233.10)946.35 (234.04)1033.39 (222.21)816.81 (208.76)869.43 (249.65)MDD1271.50 (231.14)1332.95 (220.98)1099.49 (207.41)1237.14 (226.63)916.21 (233.75)981.20 (247.85)[^6]

3.4. Group differences in the letter "E" task {#sec0060}
---------------------------------------------

Due to the highly skewed distributions of the letter accuracy data, a 2 (group: MDD, HC) × 2 (valence: positive, negative) mixed model rank-based ANCOVA, controlling for age and gender, examined accuracy differences on the letter "E" control task. There were no significant differences between depressed adolescents and healthy controls on accuracy \[[Table 2](#tbl0010){ref-type="table"}; *F*(1,37) = 1.84, *p* = 0.183, *η*~*p*~^2^ = 0.05\]. There was also no interaction between group and valence \[*F*(1,37) = 0.544, *p* = 0.466, *η*~*p*~^2^ = 0.01\] or a main effect of valence \[*F*(1,37) = 0.152, *p* = 0.70, *η*~*p*~^2^ = 0.004\].

A 2 (group: MDD, HC) × 2 (valence: positive, negative) mixed model ANCOVA, controlling for age and gender, examined reaction time differences on the letter "E" control task. There were no significant differences in reaction time between depressed adolescents and healthy controls \[[Table 3](#tbl0015){ref-type="table"}; *F*(1,37) = 2.19, *p* = 0.148, *η*~*p*~^2^ = 0.06\]. There was also no interaction between group and valence \[*F*(1,37) = 0.621, *p* = 0.436, *η*~*p*~^2^ = 0.02\]. However, there was a main effect of valence \[*F*(1,37) = 9.77, *p* = 0.003, *η*~*p*~^2^ = 0.21\], such that participants took longer to identify whether negative trait adjectives (*M* = 924.73, SE = 39.64) had a letter "E" than positive trait words (*M* = 866.41, SE = 36.00). Given that there were no significant differences in accuracy or reaction time between depressed adolescents and healthy controls on this control task, no further analysis of this condition was done, as it is not the focus of this study; subsequent analyses focused only on differences between the self- and general-judgment conditions.

3.5. Neural responses to traits {#sec0065}
-------------------------------

The whole-brain 2 × 2 × 2 ANCOVA showed a robust main effect of category such that self-judgments prompted greater activity throughout the cortex compared to general-judgments in the MPFC, ACC, VLPFC, PCC/precuneus, thalamus, striatum, middle temporal cortex, inferior parietal lobe, and the lateral occipital cortex (see [Table 4](#tbl0020){ref-type="table"} and [Fig. 3](#fig0015){ref-type="fig"}). No activity for the overall main effect of group or valence survived the whole-brain corrected threshold. However, there were significant group differences in the PCC/precuneus for self-judgments of positive trait words ([Table 4](#tbl0020){ref-type="table"}). Beta values extracted from this region showed that depressed adolescents activated the PCC/precuneus when making self-judgments, while healthy controls deactivated this region ([Fig. 4](#fig0020){ref-type="fig"}). In the entire imaging sample (*n* = 35), two-tailed Spearman correlations showed that PCC/precuneus activity was not correlated with positive \[*ρ*(35) = −0.28, *p* = 0.100\] or negative \[*ρ*(35) = 0.28, *p* = 0.100\] self-perception scores, although these relationships trended toward significance. However, PCC/precuneus activity was correlated with depression severity \[*ρ*(35) = 0.50, *p* = 0.002\]; greater activity in the PCC/precuneus was associated with more severe depression ([Fig. 5](#fig0025){ref-type="fig"}). Alternately, within just the MDD group (*n* = 20), PCC/precuneus activity was not correlated with positive \[*ρ*(20) = 0.27, *p* = 0.248\] or negative \[*ρ*(20) = −0.27, *p* = 0.248\] self-perception, or depression severity \[*ρ*(20) = −0.12, *p* = 0.628\]. Additionally, there were group differences in both negative self-judgments and positive general-judgments, whereby healthy controls activated left and right middle and lateral occipital regions respectively compared to depressed adolescents ([Table 4](#tbl0020){ref-type="table"}). No activity for the group × category or group × valence interactions \[e.g. MDD (positive self \> negative self) \> HC (positive self \> negative self)\] survived the whole-brain corrected threshold.Table 4Activations for main effects of category, valence, and group.RegionSide*kZXYZ***Category: Self** **≥** **General**MPFC/VLPFC/Caudate/Putamen/Thalamus/Middle temporal gyrus/ACC/PCC/PrecuneusL/R35,6086.1725226Inferior parietal (Angular gyrus)/lateral occipital gyrusL12344.68−54−5824Inferior parietal (Angular gyrus)/lateral occipital gyrusR519450−5830**Valence: Positive ≥ Negative**None**Group: MDD ≥ HC**None  **Group: MDD (Self ±)** **≥** **HC (Self ±)**PCC/PrecuneusL/R12083.944−424CuneusL/R4913.820−8234  **Group: HC (Self −)** **≥** **MDD (Self −)**Middle occipital gyrusL4774.01−24−9212  **Group: HC (General ±[)]{.ul}** **≥** **MDD (General ±)**Lateral occipital cortexR5303.9234−860**Group: HC (General −) ≥ MDD (General −)**None[^7]Fig. 3Main effect of category activation pattern. This figure illustrates the activation pattern for the contrast of self-judgments vs. general-judgments across all participants.Fig. 4Group comparison of positive self-judgments. This figure illustrates the activation pattern and parameter estimates elicited by the contrast of positive self-judgments in the depressed (MDD) group vs. positive self-judgments in the healthy control (HC) group.Fig. 5Correlations between brain activity and symptoms. Graphs of the correlations between precuneus activity and depression severity and self-perception scores in the total sample (*n* = 35).

3.6. Functional connectivity of DMN seeds {#sec0070}
-----------------------------------------

There was a significant PPI interaction for the dMPFC seed ([Table 5](#tbl0025){ref-type="table"} and [Fig. 6](#fig0030){ref-type="fig"}). No other seed region showed altered connectivity during self-judgments compared to general-judgments. Parameter estimates were extracted from the significant PPI interaction cluster to examine the direction of the group difference. Depressed adolescents showed reduced connectivity (negative Beta values) between the dMPFC and local left-sided prefrontal regions, including the ACC, frontal pole, and orbitofrontal cortex during self-referential processing ([Fig. 6](#fig0030){ref-type="fig"}). In the total imaging sample (*n* = 35), beta values were significantly correlated with illness severity \[*ρ*(35) = −0.53, *p* = 0.001\], and both positive \[*ρ*(35) = 0.51, *p* = 0.002\] and negative \[*ρ*(35) = −0.51, *p* = 0.002\] self-perception. However, in just the MDD group (*n* = 20), connectivity was not significantly correlated with illness severity \[*ρ*(20) = 0.061, *p* = 0.798\], positive \[*ρ*(20) = 0.27, *p* = 0.248\], or negative \[*ρ*(20) = −0.27, *p* = 0.248\] self-perception.Table 5PPI connectivity differences between self- and general-judgments.Contrast/regionSide*kZXYZ***dMPFC Seed: MDD vs. HC**Frontal pole/ACC/Orbitofrontal cortexL10384−284614vMPFC seed: MDD vs. HCNoneaMPFC seed: MDD vs. HCNonePCC/Precuneus seed: MDD vs. HCNone[^8]Fig. 6Functional connectivity results. This figure illustrates the connectivity of the dMPFC seed. The blue circle indicates the dMPFC seed region. The depressed (MDD) group showed reduced local frontal connectivity with the dMPFC seed during self-referential processing compared to general trait processing.

4. Discussion {#sec0075}
=============

As expected, we replicated previous behavioral findings that depressed adolescents perceive themselves more negatively that healthy youth and are slower to make self-referential judgments ([@bib0100], [@bib0120], [@bib0195], [@bib0200], [@bib0375]). Moreover, in the entire sample, lower positive self-perceptions were related to higher depression severity, irritability, social anxiety, and anhedonia scores, emphasizing the importance of examining dimensional relationships in psychiatric research since symptoms exist along a continuum, even in the "healthy" population and are not simply present or absent. Furthermore, the depressed group was less accurate at identifying positive traits as such and categorized them more negatively, suggesting depressed adolescents may have a more globally negative perspective on personality traits in general. Additionally, despite our hypothesis that depressed adolescents would show increased activation and connectivity of cortical midline regions in response to self-referential processing, we found that all adolescents, depressed and healthy, strongly activated anterior and posterior regions within the DMN in response to self-judgments. The only region that was activated more in depressed adolescents was the PCC/precuneus in response to positive traits. Dimensional analyses revealed a significant correlation between PCC/precuneus activity and depression severity in the entire sample, further supporting the need for dimensional investigations of psychopathology. Lastly, functional connectivity of the dMPFC with local left-sided frontal regions was reduced in depressed adolescents, and was related to both illness severity and self-esteem scores in the entire sample.

4.1. Behavioral findings {#sec0080}
------------------------

Our study replicates prior behavioral findings in depressed adults ([@bib0120], [@bib0195], [@bib0200]), showing increased reaction times during self-attribute rating tasks in the depressed group compared to controls. Importantly, in the current study, four adolescents with MDD carried a co-morbid diagnosis of ADHD, which may have contributed to this finding. However, adolescent major depression is a heterogeneous disorder and ADHD is highly comorbid in this population; rates of co-occurrence of ADHD in adolescent MDD range up to 50% ([@bib0020], [@bib0210], [@bib0350]). More importantly, concentration difficulties as a symptom, is highly prevalent in depression and is considered one of the associated symptoms of major depression under the DSM-IV-TR criteria ([@bib0010]). Moreover, there were no significant differences in accuracy or reaction time between groups on the letter "E" control task, further suggesting that these differences in self-rating reaction time are related specifically to the self-perception task and not a general cognitive slowing or attentional impairment. Therefore, we believe that the behavioral findings are related to the overall neural consequences of major depression, rather than the contribution of 4 patients with co-morbid ADHD diagnoses in our sample.

4.2. Group differences in self-perception {#sec0085}
-----------------------------------------

Group differences in response to self-judgments were only found in one region, the PCC/precuneus; depressed adolescents activated this region, while healthy controls deactivated it in response to self-judgments of positive traits. Studies of the neural processing of emotional valence in healthy adults have shown that the posterior cingulate cortex/precuneus is often activated in attentional and emotional tasks ([@bib0300], [@bib0305]), specifically in reference to self-judgment ([@bib0055], [@bib0260]). Furthermore, [@bib0300] documented a positive correlation between activation of the posterior cingulate cortex/precuneus and increasingly aversive, negatively valenced emotional stimuli. [@bib0300] suggests that the recruitment of this region may be due to the greater emotional salience of negatively valenced words, which results in the subsequent recruitment of greater attentional resources when processing these stimuli. This finding is supported by studies that demonstrate the PCC\'s role in the modulation of emotionally salient memories ([@bib0215], [@bib0220], [@bib0225]), given its strong connections to regions underlying both emotional processing ([@bib0005], [@bib0050]), and memory ([@bib0035]). Thus, depressed adolescents in our sample may find personality traits that are typically considered to be positive, more aversive due to their altered self-perception and more negative perception of personality traits in general. This theory is supported by the behavioral data ([Table 2](#tbl0010){ref-type="table"}); depressed adolescents endorsed fewer positive traits than healthy adolescents and had a more globally negative view on personality traits, as they were less accurate at labeling positive traits as such in the general-judgment condition. Their more negative view of positive stimuli may have resulted in the recruitment of the PCC/precuneus when processing these words. Alternately, healthy adolescents endorsed more positive traits and were more accurate at viewing them as positively valenced, as is evidenced by their higher positive self-perception scores; therefore, they may not have recruited this region during self-judgment of positive traits because the majority of this group did not view these traits as aversive. Lastly, this finding of increased PCC/precuneus activity during self-focused thought in adolescent depression is also consistent with research in adult MDD. Depressed adults exhibit greater activity in both anterior and posterior cortical midline structures, including the PCC/precuneus, during self-referential processing, compared to healthy controls ([@bib0120], [@bib0195], [@bib0375], [@bib0385]).

Our isolated group differences limited to activity in the PCC/precuneus, and not in other anterior DMN regions, may also suggest the influence of developmental processes. The posterior cortices develop during childhood and early adolescence, with myelination and synaptic pruning of the prefrontal cortex (PFC) continuing throughout the twenties ([@bib0105], [@bib0275], [@bib0330]). These developmental differences in the PFC can be seen in patterns of neural recruitment during cognitive processing. For example, adults show reduced activity in the MPFC compared to adolescents during self-reflection tasks ([@bib0290], [@bib0295]); less activity is associated with more efficient processing in adulthood ([@bib0325]). Therefore, our lack of group differences between depressed and healthy adolescents in anterior cortical midline regions could reflect heightened MPFC activity throughout the adolescent period in general. Further support for this conclusion comes from our evidence of robust activation of both anterior and posterior DMN regions in response to self-judgments in depressed adolescents and healthy controls; both groups activated a large network in response to self-reflection, with differences only apparent in the PCC/precuneus. These differences in the PCC/precuneus were associated with illness severity and not self-perception scores, suggesting that this posterior region may have a specific role early in the course of MDD. However, it is not yet clear whether changes in MPFC activity that have been documented among adults with MDD are compensatory rather than causal, given early involvement of the PCC/precuneus.

Alternately, differences in medication status could also contribute to differences between our findings in adolescents and the adult literature. Participants in the current study were all unmedicated, while previous studies in adults have included individuals treated with psychotropic medications ([@bib0170], [@bib0120], [@bib0375], [@bib0370]). Previous studies of healthy individuals who were given controlled doses of citalopram, fluvoxamine, as well as other psychotropic medications, showed drug-related variations in neural activation during a variety of fMRI tasks, suggesting that these medication may affect global network function. Additionally, there is evidence that psychotropic medications specifically affect neural recruitment during emotional processing and induce positive mood responses and affect recall of negative emotions ([@bib0060]). Therefore, while developmental alterations in the self-referential processing network from adolescence into adulthood is likely, medication effects should also not be ignored when interpreting these differences.

4.3. Functional connectivity of DMN regions {#sec0090}
-------------------------------------------

Despite our hypothesis that connectivity of cortical midline regions would be increased during self-reflection in depression, adolescents with MDD exhibited reduced functional connectivity of the dMPFC with local left-sided prefrontal regions, including the ACC and orbitofrontal cortex. Dimensional analyses yielded significant correlations between connectivity and both illness severity and self-perception scores across the entire sample, such that depressed adolescents and those with lower self-esteem exhibited reduced local dMPFC connectivity. Our findings are supported by both resting-state ([@bib0065], [@bib0070], [@bib0075], [@bib0090], [@bib0145], [@bib0165], [@bib0270]) and emotion-dependent functional connectivity studies ([@bib0135], [@bib0140], [@bib0280]) that show directionally variant changes in connectivity in depressed adolescents. Work in our laboratory has also documented reduced white matter integrity of the genu, which connects prefrontal and orbitofrontal cortices, further supporting this finding ([@bib0125]).

No studies to date have specifically examined task-dependent connectivity during self-referential processing in depressed adolescents. However, two studies in depressed adults, which guided our hypothesis, reported increased connectivity between the dMPFC and PCC ([@bib0195]), and between the MPFC, ACC, and amygdala ([@bib0375]). These opposite patterns of connectivity between depressed adults and our findings in adolescents with depression may further reflect developmental differences. The resting-state theory of depression suggests that due to heightened baseline activity in cortical midline regions, ruminations and self-focused thoughts are intensified ([@bib0250], [@bib0255]) and manifest through this increased activity and connectivity. However, since we report decreased connectivity between the dMPFC, ACC, and orbitofrontal cortex in depressed adolescents, it is not clear whether this shift in connectivity in adulthood is due to the neurobiological underpinnings of the illness or compensatory mechanisms. Given that the MPFC continues to develop after the onset of illness in adolescence, increased connectivity in adulthood may be the product of compensatory mechanisms in response to other early alterations within the DMN. Further examination of resting-state data, coupled with task-dependent connectivity is needed to more clearly discern the specific effects of aging and chronicity in depression.

4.4. Limitations {#sec0095}
----------------

Although this is the first study to examine task-dependent functional connectivity during self-referential processing in adolescent depression, our results must be interpreted in light of several limitations. Our lack of interaction effects in the whole-brain analysis, as well as non-significant correlations between task activity and connectivity and symptomatology in the depressed group alone, could be due to low statistical power as a result of the small sample size. Future studies with larger medication-free samples are therefore warranted. Importantly, the depressed group manifested a normally distributed, wide range of self-esteem scores that overlapped with the healthy control group. This heterogeneity of self-esteem within the depressed group could have also contributed to our limited group differences, as 8 out of 20 depressed adolescents had self-esteem scores within the healthy control range. This point further underscores the importance of accounting for inter-variability in symptom severity in psychiatric research, which our lab has documented in adolescent MDD ([@bib0095], [@bib0125], [@bib0130]). Additionally, while dimensional analyses assessed the relation between each individual\'s positive and negative trait ratings and significant neural activity, individual endorsements could not be taken into account in the whole-brain 2 × 2 × 2 ANCOVA analysis due to methodological constraints of the mixed design and the individuals sampled. For example, many of the healthy control participants did not endorse negative traits or reject positive traits. Thus, we could not create conditions in the GLM according to how traits were positively or negatively viewed, which would ideally give additional insight into the neural mechanisms of self-perception. Lastly, the use of a single channel head coil may have reduced the sensitivity of our imaging protocol to detect differences in the hemodynamic response. Future studies using more advance multichannel, multiband imaging are warranted.

4.5. Conclusions {#sec0100}
----------------

Despite these limitations, this study offers important preliminary information about neural mechanisms of self-perception and task-dependent connectivity of the DMN in medication-free adolescents with depression. Our findings of increased activity in the PCC/precuneus during self-judgment and decreased functional connectivity of local left-sided prefrontal regions, highlight possible developmental differences in disease progression between adolescents and adults. Given that these changes occur at a critical developmental juncture, it is important to further investigate the specific neurobiological mechanisms through which these alterations occur.

Conflict of interest {#sec0105}
====================

All authors report no conflicts of interest.

This study was supported by grants from the National Institute of Mental Health to VG (MH095807, MH101479). The content is solely the responsibility of the authors and does not necessarily represent the official views of the NIMH. The NIMH had no further role in the design, collection, management, analysis, and interpretation of data, or preparation of the manuscript.

[^1]: *Note.* MDD = major depressive disorder.

[^2]: Respective percentages do not add up to 100% due to rounding.

[^3]: Children\'s Depression Rating Scale -- Revised.

[^4]: Beck Depression Inventory, 2nd ed.

[^5]: *Note.* Mean percentages are reported followed by (*SD*). The self and general categories indicate the percentage of positive perceptions (yes to positive traits, no to negative traits) and negative perceptions (no to positive traits, yes to negative traits) that were endorsed. The letter category indicates percent accuracy in detecting a letter 'E' in a trait word. HC = healthy controls; MDD = major depressive disorder.

[^6]: *Note.* Behavioral response times (ms) for positive and negative traits are reports followed by (*SD*). HC = healthy controls; MDD = major depressive disorder.

[^7]: *Note.* Z statistic images were thresholded using clusters determined by *Z* \> 2.3 and a corrected cluster significance of *p* \< 0.05. Peak *x*, *y*, *z* coordinates are in MNI space. R = right. L = left. MPFC = medial prefrontal cortex. ACC = anterior cingulate cortex. PCC = posterior cingulate cortex. VLPFC = ventrolateral prefrontal cortex.

[^8]: *Note. Z* statistic images were thresholded using clusters determined by *Z* \> 2.3 and an FDR corrected cluster significance of *p* \< 0.0125 (0.05/4 seeds). Peak *x*, *y*, *z* coordinates are in MNI space. R = right. L = left. dMPFC = dorsal medial prefrontal cortex; vMPFC = ventral medial prefrontal cortex; aMPFC = anterior medial prefrontal cortex; PCC = posterior cingulate cortex.
